Type 1 diabetes is a chronic autoimmune disease characterized by pancreatic islet inflammation and b-cell destruction by proinflammatory cytokines and other mediators. Based on RNA sequencing and protein-protein interaction analyses of human islets exposed to proinflammatory cytokines, we identified complement C3 as a hub for some of the effects of cytokines. The proinflammatory cytokines interleukin-1b plus interferon-g increase C3 expression in rodent and human pancreatic b-cells, and C3 is detected by histology in and around the islets of diabetic patients. Surprisingly, C3 silencing exacerbates apoptosis under both basal condition and following exposure to cytokines, and it increases chemokine expression upon cytokine treatment. C3 exerts its prosurvival effects via AKT activation and c-Jun N-terminal kinase inhibition. Exogenously added C3 also protects against cytokine-induced b-cell death and partially rescues the deleterious effects of inhibition of endogenous C3. These data suggest that locally produced C3 is an important prosurvival mechanism in pancreatic b-cells under a proinflammatory assault. (Endocrinology 158: 2503(Endocrinology 158: -2521(Endocrinology 158: , 2017 T ype 1 diabetes (T1D) is a chronic autoimmune disease characterized by loss of insulin-producing b-cells by apoptosis and pancreatic islet inflammation (insulitis). Insulitis is established when an inadequate "dialog" between the immune system and pancreatic b-cells develops (1, 2) in the context of environmental signals (such as viral infections) acting upon a risk-enhancing genetic background (3). Invading immune cells produce and secrete several cytokines and chemokines in the b-cell surroundings, modulating the expression of key transcription factors, such as nuclear factor kB, signal transducer and activator of transcription, and interferon regulatory factor and their downstream gene networks. The balance between the prosurvival and proapoptotic components of these networks will eventually determine b-cell fate (1). Of interest, b-cells exposed to an inflammation-induced stress express several components of an early innate immune response, including many antiviral proteins (3, 4).
Type 1 diabetes is a chronic autoimmune disease characterized by pancreatic islet inflammation and b-cell destruction by proinflammatory cytokines and other mediators. Based on RNA sequencing and protein-protein interaction analyses of human islets exposed to proinflammatory cytokines, we identified complement C3 as a hub for some of the effects of cytokines. The proinflammatory cytokines interleukin-1b plus interferon-g increase C3 expression in rodent and human pancreatic b-cells, and C3 is detected by histology in and around the islets of diabetic patients. Surprisingly, C3 silencing exacerbates apoptosis under both basal condition and following exposure to cytokines, and it increases chemokine expression upon cytokine treatment. C3 exerts its prosurvival effects via AKT activation and c-Jun N-terminal kinase inhibition. Exogenously added C3 also protects against cytokine-induced b-cell death and partially rescues the deleterious effects of inhibition of endogenous C3. These data suggest that locally produced C3 is an important prosurvival mechanism in pancreatic b-cells under a proinflammatory assault. (Endocrinology 158: 2503-2521, 2017) T ype 1 diabetes (T1D) is a chronic autoimmune disease characterized by loss of insulin-producing b-cells by apoptosis and pancreatic islet inflammation (insulitis). Insulitis is established when an inadequate "dialog" between the immune system and pancreatic b-cells develops (1, 2) in the context of environmental signals (such as viral infections) acting upon a risk-enhancing genetic background (3) . Invading immune cells produce and secrete several cytokines and chemokines in the b-cell surroundings, modulating the expression of key transcription factors, such as nuclear factor kB, signal transducer and activator of transcription, and interferon regulatory factor and their downstream gene networks. The balance between the prosurvival and proapoptotic components of these networks will eventually determine b-cell fate (1) . Of interest, b-cells exposed to an inflammation-induced stress express several components of an early innate immune response, including many antiviral proteins (3, 4) .
The complement system is a major component of the immune system, acting both in innate and adaptive immune responses. Three distinct pathways can initiate the complement cascade, namely classical, lectin, and alternative pathways; these three pathways of activation culminate with the generation of the C3 convertase enzyme complex, which cleaves complement C3 into C3a and C3b (5) . Besides their well-known function in the extracellular system of host defense, recent evidence indicates that complement C3 is also intracellularly activated in immune and nonimmune cell types (6, 7) , acting in metabolic organs such as adipose tissue, liver, and pancreas (8) .
Elevated serum levels of complement components have been associated with prediabetes (9) and diabetes (10) (11) (12) . Additionally, genetic and immunohistochemical data indicated a positive correlation between increased expression of complement proteins and higher risk of T1D (13) (14) (15) (16) . Sera from newly diagnosed T1D patients inhibit insulin secretion in a rat pancreatic b-cell line, BRIN-BD11, an effect dependent on the presence of C1q and C3 (17, 18) . Moreover, C3-deficient mice are resistant to multiple low-dose streptozotocininduced diabetes, and immune cell-derived C3 is required for the development of the disease in this model (19) . Alternatively, products of C3 cleavage, such as C3a and C3a desArg (also known as acylation stimulating protein), stimulate insulin secretion both in INS-1 cells and mouse islets (20) , and C3a improves b-cell function by increasing mitochondrial oxygen consumption, ATP levels, and cytoplasmic free Ca 2+ (21) . In the present study, we performed protein-protein interaction analysis of RNA sequencing data of human islets exposed to the proinflammatory cytokines interleukin (IL)-1b plus interferon (IFN)-g (22) (unpublished data) and identified C3 as an important hub of a cytokine-modified complement network in human islets. Additional experiments indicated that C3 expression and secretion is increased by proinflammatory cytokines in rodent and human b-cells. Surprisingly, C3 inhibition increased inflammation and apoptosis both under basal conditions and upon cytokine exposure. These effects were mainly due to activation of c-Jun N-terminal kinase (JNK) and inhibition of protein kinase B (AKT) signaling. Treatment with exogenous C3 protected against cytokine-induced b-cell death and partially rescued the effects of C3 inhibition. These data suggest a role of C3, namely as an important prosurvival protein in both rat and human b-cells exposed to inflammation-induced stress.
Materials and Methods

Protein-protein interaction analysis
Protein-protein interaction data were obtained from the InWeb_IM database of physically interacting human proteins (23) . For the analysis we used release 2016_02_05 (downloadable via https://www.intomics.com/inbiomap/) and applied a threshold of 0.1 to the confidence score. This yielded a dataset containing the high-confidence subsets of interactions from InWeb_IM, corresponding to the highest scoring third of the total set of interactions, based on the benchmark curve in Figure 2A in Li et al. (23) . Additional details are provided in the Supplemental Experimental Procedures.
Culture of INS-1E cells, primary rat a-and b-cells, EndoC-bH1 human insulin-producing cells, and human islets
Rat INS-1E cells [research resource identifier (RRID): CVCL_0351, provided by Dr. C. Wollheim, Department of Cell Physiology and Metabolism, University of Geneva, Geneva, Switzerland] were cultured in RPMI 1640 GlutaMAX-I, 10 mM HEPES, 1 mM sodium pyruvate, 5% fetal bovine serum, 50 mM 2-mercaptoethanol, 50 U/mL penicillin, and 50 mg/mL streptomycin.
Adult male Wistar rats (Charles River Laboratories, L'Arbresle, France) were housed and used in agreement with the guidelines of the Belgian Regulations for Animal Care with approval of the Université Libre de Bruxelles Ethical Committee. Islets were isolated, and a-and b-cells were purified as described (24) . Preparations containing 96% 6 1% a-cells (n = 6) and 93% 6 1% b-cells (n = 6) were used in this study.
The human b-cell line, EndoC-bH1 (RRID: CVCL_L909, provided by Dr. R. Scharfmann, INSERM U1016, Université Paris-Descartes, Institut Cochin, Paris, France), was cultured in Matrigel/fibronectin-coated plates as described before (25, 26) .
Human islets from nondiabetic organ donors (age, 70 6 3 years; body mass index, 24.4 6 0.7 kg/m 2 ; Supplemental Table 1) were isolated in accordance with the local Ethical Committee in the University of Pisa (Pisa, Italy). Human islet isolation was performed by collagenase digestion and densitygradient purification. Isolated islets were cultured in M199 medium containing 5.5 mM glucose (27) and then sent to Brussels within 1 to 5 days of isolation. After overnight recovery, isolated human islets were dispersed and cultured as previously described (28, 29) . The percentage of b-cells in the human islet preparations used was 50% 6 4% (n = 16) as determined by insulin immunocytochemistry (22) .
RNA interference and adenoviral infection
All small interfering RNAs (siRNAs) used in this study are provided in Supplemental Table 2 . Conditions for siRNA transfection and optimal siRNA concentration (30 nM) were established as previously described (30) . Lipofectamine RNAiMAX lipid reagent (Invitrogen, Carlsbad, CA) was used to transfect cells and the AllStars negative control siRNA (Qiagen, Venlo, the Netherlands), which does not affect b-cell gene expression, function, or viability, was used as a negative control (29, 30) .
For adenovirus infection, INS-1E cells were infected with control adenovirus encoding luciferase (adLuc; Sirion Biotech, Munich, Germany) or with an adenovirus encoding myr-Akt1 (adAkt; Vector Biolabs, Philadelphia, PA) as previously described (31) . Cells were transfected with siCtrl or siC3 in the same day and allowed to recover for 24 hours before treatment with cytokines.
Cell treatments
On the basis of previous dose-response experiments done by our group in rodent and human cells, the following cytokine concentrations were used: recombinant human IL-1b (R&D Systems, Abingdon, UK) at 10 or 50 U/mL as indicated; recombinant rat IFN-g (R&D Systems) at 100 and 500 U/mL for INS-1E cells and primary rat a-and b-cells, respectively; and human IFN-g (PeproTech, Rocky Hill, NJ) at 1000 U/mL for EndoC-bH1 cells and dispersed human islets (32) (33) (34) . Where indicated, cells were transfected with 1 mg/mL of the synthetic double-stranded analog polyinosinicpolycytidylic acid (PIC; InvivoGen, San Diego, CA) (28) . Forskolin (FK), diazoxide, the phosphoinositide 3-kinase (PI3K) inhibitor wortmannin (Sigma-Aldrich, Bornem, Belgium) and the JNK inhibitor V (Calbiochem, San Diego, CA) were diluted in dimethyl sulfoxide and used at concentrations of 20 mM, 100 mM, 100 nM, and 5 mM, respectively. At the concentration used, diazoxide inhibited insulin secretion by .60% (data not shown).
INS-1E cells and dispersed human islets were pretreated with complement C3 protein (Calbiochem) for 2 hours followed by 24-hour (INS-1E cells) or 48-hour (dispersed human islets) cytokine treatment in the presence of C3. Where indicated, INS-1E cells were treated with the C3aR1 antagonist SB 290157 (Calbiochem) at 10 mM.
Cell viability assessment
Percentage of living, apoptotic, and necrotic cells was determined after staining with DNA-binding dyes Hoechst 33342 (HO) and propidium iodide (PI) as described (29, 35) . At least 500 cells were counted per experimental condition. Cell viability was evaluated by two different observers, with one of them being unaware of sample identity, with an agreement between results of .90%.
Messenger RNA extraction and real-time polymerase chain reaction Poly(A) + messenger RNA (mRNA) extraction was carried out using a Dynabeads mRNA DIRECT kit (Invitrogen) following the manufacturer's instructions; reverse transcription was performed as described (36) , and quantitative real-time polymerase chain reaction was performed using SYBR Green and compared with a standard curve (37) . Expression values were corrected by the housekeeping genes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or b-actin. Primers used in this study are provided in Supplemental Table 3 .
C3 and chemokine secretion by enzyme-linked immunosorbent assay
Culture supernatants from INS-1E, primary rat a-and b-cells, and dispersed human islets were collected after cytokine treatment of determination of C3 and CXCL10 using commercially available enzyme-linked immunosorbent assay (ELISA) kits for rat and human C3 (Abcam, Cambridge, UK), rat CXCL10 (Abnova, Taoyuan, Taiwan), and human CXCL10 (R&D Systems).
Western blot analysis and immunofluorescence
Cells were washed with cold phosphate-buffered saline, lysed in RIPA buffer containing 1 mM NaF, 0.1 mM Na 3 VO 4 , and 1 mM phenylmethylsulfonyl fluoride, and total proteins were run in sodium dodecyl sulfate-polyacrylamide gels. Immunoblot analysis was carried out as described (28) using the antibodies listed in Supplemental Table 4 . Phosphorylated (P-) proteins (P-JNK, P-c-Jun, P-AKT, and P-BAD) were corrected for the respective total proteins or a-tubulin and similar results were observed using both approaches (data not shown). Immunofluorescence was performed as described before (28) . Images were acquired at 340 magnification and analyzed using AxiVision software. For antibodies used in this study, see Table 1 .
Histology
Pancreas sections from nondiabetic donors and type 1 diabetic patients were obtained from two cohorts: the University of Pisa donors and previously characterized samples from the nPOD collection (38) (Supplemental Table 5 ). Following antigen retrieval with 10 mM citrate buffer (pH 6.0), immunofluorescence was performed using primary antibodies against C3 and insulin and different secondary antibodies. Images were acquired at 310, 320, and 340 magnification and analyzed using AxiVision or Leica MetaMorph software. See Supplemental Experimental Procedures for further details.
Glucose-stimulated insulin secretion and insulin accumulation in the medium Glucose-stimulated insulin secretion was performed in INS-1E cells as previously described (29) . Briefly, INS-1E cells were preincubated for 1 hour in glucose-free RPMI 1640 GlutaMAX-I medium (Life Technologies, Carlsbad, CA) and then incubated with Krebs-Ringer solution for 30 minutes. Afterward, cells were exposed to 1.7, 17, or 17 mM glucose plus FK (20 mM) for 30 minutes. Insulin release and insulin content were measured using a rat insulin ELISA kit (Mercodia, Uppsala, Sweden) in cell-free supernatants and acid ethanol-extracted cell lysates, respectively. Results were normalized by total protein concentration, which was measured in cell lysates using protein assay dye reagent (BioRad Laboratories, Hercules, CA). Insulin accumulation in the medium was measured 16 hours after addition of cytokines and/or siRNAs targeting C3.
Statistics
Data are shown as mean 6 standard error of the mean (SEM) or as plotted box plot, indicating lower quartile, median, and higher quartile, with whiskers representing the range of the remaining data points. Comparisons were performed using a two-tailed paired Student t test or by analysis of variance (ANOVA) followed by paired t test with Bonferroni correction, as indicated. Results were considered as statistically significant when a P value was #0.05.
Data availability
The RNA sequencing data sets used in the present study are available online at http://lmedex.ulb.ac.be/data.php.
Results
Overview of the study
Using RNA sequencing data of human islets exposed to the proinflammatory cytokines IL-1b plus IFN-g, we carried out a protein-protein interaction analysis, which indicated networks containing complement C3 to be highly significantly regulated in human islets. Subsequently, we performed mechanistic studies to assess C3 role in b-cell survival (see Supplemental Fig. 1 for overview of our experimental approach).
Protein-protein interaction analysis
Based on an integrative analysis of the RNA sequencing data (case vs control) of 10 preparations of human pancreatic islets treated or not with proinflammatory cytokines (22) (unpublished data), we performed an initial unbiased scan of the entire human interactome (network collection no. 1; see Supplemental Data) using the InWeb_IM resource, recently benchmarked and found to have a higher coverage and better functional biological relevance than do comparable resources (23) . For this we used an algorithmic approach based on P value integration of the gene expression data and Monte Carlo simulation rather than overrepresentation analysis, which allows for identification of more subtle patterns in the data. From the initial analysis, multiple highly significant networks (P , 10
26
, which is as significant as it is possible to get with 1 million iterations in the Monte Carlo simulation-based approach used) containing C3 were identified. Investigating this observation further, we performed an exhaustive search of the near neighborhood of C3 (network collections nos. 2 and 3; see Supplemental Data) and found most of these (including the full first-order network around C3) to be significant. For completeness, note that additional networks not containing C3 were also identified as significant, but we have deliberately chosen to focus on the C3 networks in this study owing to the novelty and potential biological relevance of C3-related networks. The full set of findings of the global network analysis is being addressed in the course of a follow-up study. Figure 1 shows the first-order network around C3 (significance, P , 10 26 ) with visual indication of Tables 6 and 7 show the results of the remaining 216 networks investigated (209 out of 217 networks containing C3 had the lowest possible P value, and we chose the network with C3 as the central protein, as the main illustration, because this network highlights the entire near neighborhood around C3). For easy in-depth inspection of details in the network, we also included the network and its visualization as a data file for the Open Source network visualization tool Cytoscape (http://www.cytoscape.org) in the Supplemental Experimental Procedures.
Ingenuity pathway analysis of C3 interacting partners
To better understand how C3 protein partners affect human pancreatic b-cells, we analyzed the 216 proteins identified as C3 partners using Ingenuity Pathway Analysis (Ingenuity Systems, http://www.ingenuity.com) (Supplemental Fig. 2 ). The analysis of C3 protein partners identified several proinflammatory signaling pathways among the top 40 canonical pathways (Supplemental Fig. 2 ; Supplemental Table 8 ). "Complement system" was also observed in the analysis, showing the presence of other complement components, such as factor B, factor D, and C3aR1, in human islets.
Rodent and human pancreatic cells express and release complement C3
The proinflammatory cytokines IL-1b plus IFN-g induced a progressive increase in C3 mRNA expression in insulin-producing INS-1E cells, with the maximum effect observed at 16 hours of treatment [ Fig. 2(a) ]. We compared cytokine-induced C3 expression with PIC, a mimic of double-stranded RNA, produced during viral replication. After 24 hours of treatment, cytokines induced a 10-fold higher increase in C3 expression (930-fold) as compared with PIC (90-fold) [ Fig. 2(b) ]. FACS-purified rat a-and b-cells showed distinct profiles of C3 expression. Thus, a-cells have higher basal expression of C3 mRNA (250-fold) than do b-cells [ Fig. 2(c) ], but after exposure to cytokines there were no changes in C3 expression in a-cells, whereas C3 expression strongly increased in b-cells [255-fold, Fig. 2(c) ], reaching expression levels similar to those observed in a-cells.
C3 expression was also enhanced by cytokines in human insulin-producing EndoC-bH1 cells and in dispersed human islets. Dispersed human islets expressed much higher basal C3 expression than did EndoC-bH1 cells, but C3 expression increased more in EndoC-bH1 cells exposed to IL-1b plus IFN-g than in dispersed human islets (14-fold vs sixfold) [ Fig. 2(d) ]. C3 is expressed both in glucagon-and insulin-positive cells in human islets as well as in the neighbor ductal cells, as evaluated by immunofluorescence [ Fig. 2 (e) and data not shown].
As shown for mRNA expression, FACS-purified rat a-cells released more C3 to the medium than did b-cells (7.69 ng/10 6 cells vs 0.13 ng/10 6 cells). Cytokine treatment led to a sevenfold increase in C3 release by b-cells, but it did not affect C3 secretion in a-cells [ Fig. 2(f) ]. C3 secretion followed the same pattern observed for mRNA expression in dispersed human islets, with IL-1b plus IFN-g increasing the amount of C3 secreted into the culture medium [ Fig. 2(g) ].
C3 expression in pancreas sections from nondiabetic and type 1 diabetic donors We next evaluated C3 expression in pancreas sections obtained from four nondiabetic and three type 1 diabetic donors from two different cohorts (University of Pisa and nPOD collection) ( Fig. 3; Supplemental Fig. 3 ). Pancreas sections from type 1 diabetic donors seemed to present a higher number of C3 + cells [ Fig. 3(a-f) ]. C3 expression was observed in acinar and ductal cells as well as in other cells located close to islets, but clusters positive for both insulin and C3, as well as isolated C3-positive insulinpositive cells, were observed only in the pancreas from one of the type 1 diabetic donors [ Fig. 3(g-i) ; Supplemental Fig. 3 ]. Owing to the scarcity of the available human material it was not possible to perform quantification of the number/types of C3 + cells. These observations need now to be confirmed by evaluation of a larger number of samples, specially taking into account the heterogeneity of pancreas histology observed in T1D patients.
C3 inhibition increases basal-and cytokine-induced apoptosis in b-cells but does not affect b-cell function
To investigate whether C3 plays a role in b-cell death, we used two independent siRNAs for each species to inhibit C3 expression in INS-1E cells, primary rat a-and b-cells, and dispersed human islets ( Fig. 4; Supplemental Fig. 4 ). C3 knockdown (KD) [ Fig. 4(a) ] increased both basal-and cytokine-induced apoptosis in INS-1E cells [ Fig. 4(b) ]. These results were confirmed by the increased expression of cleaved caspase-3 in INS-1E cells KD for C3 [Fig. 4(c) ] and exposed or not for 16 or 24 hours to cytokines [ Fig. 4(d) and 4(e)]. C3 inhibition (Supplemental Fig. 4a and  4c ) did not affect cell death in primary rat a-cells (Supplemental Fig. 4b ), but it slightly increased cytokine-induced cell death in primary rat b-cells (Supplemental Fig. 4d) . Importantly, and in line with the findings in INS-1E cells and rat b-cells, C3 silencing (induced by two independent siRNAs and confirmed at both the mRNA [ Fig. 4(f) ] and protein levels [ Fig. 4(g) and 4(h)] induced higher apoptosis in dispersed human islets, the "gold standard" in the field, under both basal conditions and following cytokine treatment [ Fig. 4(i) ]. These results suggest that C3 plays an important role in Fig. 3e-g ). No significant differences were observed between control and C3 KD cells under both basal condition and upon cytokine treatment (Supplemental Fig. 4e-g ). Next, we assessed glucosestimulated insulin secretion in INS-1E cells left untreated or treated with proinflammatory cytokines in the absence or presence of exogenous C3 (Supplemental Fig. 4h and 4i ; see below additional information on exogenous C3). As previously shown (39-41), cytokine treatment impaired glucose-induced insulin secretion (Supplemental Fig. 4h and 4i) . Exogenous C3 addition, however, did not alter insulin secretion or content (Supplemental Fig. 4h and 4i) . As a whole, these findings suggest that modulation of the C3 pathway affects b-cell survival through a mechanism that is probably independent of b-cell function.
Exogenously added C3 prevents cytokine-induced b-cell apoptosis
To assess whether C3 may have an autocrine-like effect, we evaluated the expression of the C3a receptor, namely C3aR1. 5(h-j) ]. These findings suggest that C3 may promote b-cell survival via both intracellular production and signaling and also via an autocrine-paracrine way, that is, released by the b-cells themselves and/or by the neighbor cells (e.g., a-cells).
C3 silencing increases cytokine-induced chemokine expression
Our protein-protein analysis showed that C3 binds to several chemokines, and "chemokine signaling" was one of the top 20 canonical pathways identified ( 
JNK pathway is activated in C3-silenced cells
We next examined the mechanisms by which C3 inhibition leads to increased b-cell death. JNK activation plays a key role in cytokine-induced b-cell apoptosis (31, 42, 43) , and we observed that C3 KD in INS-1E cells augmented cytokine-induced JNK and c-Jun phosphorylation at early time points (2 to 8 hours) [ Fig. 7(a-c) ]. This augmented JNK activation in the context of C3 KD, and cytokine treatment was confirmed by analyzing the area under the curve of the P-JNK [ Fig. 7(b) , inset] and P-c-Jun [ Fig. 7(c Fig. 7(h) and 7(i) ]. Similar results were obtained in dispersed human islets, in which JNK inhibition in parallel to C3 KD (Supplemental Fig. 5e and 5f ) prevented C3 KD-induced apoptosis under both basal condition and following cytokine exposure [ Fig. 7(j) ]. These data suggest that activation of JNK1 phosphorylation is a necessary component of the cell death process induced by C3 inhibition and/or cytokine exposure.
The AKT pathway is downregulated in C3-silenced cells, contributing to b-cell death AKT signaling protects pancreatic b-cells against different stress conditions (44, 45). As C3aR1 signals via AKT (46), we investigated whether AKT signaling is disturbed in C3-silenced cells. The proapoptotic protein BAD, whose phosphorylation by AKT leads to its inhibition, was also evaluated (Fig. 8) . AKT phosphorylation was decreased in C3-inhibited cells, and, consequently, P-BAD levels were also lower under these conditions [ Fig. 8(a-c)] . Importantly, C3/BAD double KD [ Fig. 8(d); Supplemental Fig. 6a-c) diminished apoptosis secondary to C3 KD under both basal condition and after cytokine exposure as confirmed by both nuclear dyes and cleavage of caspase-3 [ Fig. 8(d) and 8(e); Supplemental Fig. 6d] .
In mirror experiments, we investigated whether increasing AKT function protects b-cells against death secondary to C3 deficiency. For this purpose, cells exposed to siCtrl or siC3 (Supplemental Fig. 7a and 7b) were treated with the adenylate cyclase stimulator FK [ Fig. 9 (a) and 9(b)] or infected with an adenovirus encoding a constitutively active mutant form of AKT (AdAKT) [ Fig. 9(c) and 9(d) ]. FK increased AKT phosphorylation under both basal condition and following cytokine exposure and it prevented C3 KD-induced apoptosis under both basal condition and following exposure to cytokines [ Fig. 9(a) and 9(b) ]. Infection with AdAKT increased P-AKT and AKT under all conditions tested [ Fig. 9(c) ], and it protected C3 KD cells against cytokine-induced apoptosis [ Fig. 9(d) ]. The AdAKT, however, neither prevented the increase in apoptosis under basal condition in C3 KD cells nor the apoptosis induced by cytokines in cells exposed to cytokines and siCtrl [ Fig. 9(d) ]. This discrepancy between some of the effects of FK and AdAKT suggests that FK has additional beneficial effects besides upregulation of AKT pathway (47, 48) . As a whole, the results shown above suggest that C3 inhibition impairs AKT signaling and consequently leads to upregulation of BAD, thus contributing to b-cell apoptosis. To further characterize the involvement of the AKT pathway in C3 KD cells, control and C3-silenced cells were treated with the PI3K inhibitor wortmannin or the K ATP channel agonist diazoxide in the absence or presence of FK [ Fig. 9(e-h) ]. These two compounds have been shown to decrease FK-induced AKT phosphorylation by different mechanisms (49, 50) . We confirmed that wortmannin and diazoxide decreased P-AKT expression in INS-1E cells as expected (Supplemental Fig. 7c ). Under these conditions, diazoxide inhibited insulin release into the culture medium by at least 60%, whereas wortmannin had no effects on insulin accumulation (Supplemental Fig. 7d ). FK failed to protect b-cells from cytokine-induced apoptosis when used in combination with wortmannin, suggesting that FK-induced AKT phosphorylation is a relevant mechanism for b-cell protection upon cytokine treatment (Supplemental Fig. 7e and 7f) . A more marked increase in cell death was observed when C3-inhibited cells were treated with either wortmannin 
Discussion
Proinflammatory cytokines released by the immune system modulate b-cell gene networks and transcription factors (e.g., nuclear factor kB, interferon regulatory factors, and signal transducer and activator of transcription), leading to b-cell dysfunction and activation of both proapoptotic and antiapoptotic pathways (1) . Gene expression signatures induced by some of these cytokines, that is, IL-1b plus IFNg (22) , are remarkably similar to the gene signatures observed in islets isolated from patients in the early stages of T1D (51), validating the use of the present in vitro model. Several of these cytokine-induced genes belong to immune-related pathways whose functions in b-cells remain to be elucidated. Using a novel computational framework (23) to identify cytokine-induced human protein-protein interaction networks in human islets, we identified complement C3 as a central component of a network involving 216 proteins that are modified by cytokine exposure. Pathway analysis of this network identified several proteins related to G protein-coupled receptor signaling (e.g., C3aR1 and CXCR3), complement system (e.g., factor B and factor D), and proinflammatory pathways (e.g., TF65 and CCL3) as canonical pathways. In the present study, we provide evidence that complement C3 plays an important role in b-cell survival, and that C3 deficiency activates the mitochondrial pathway of apoptosis via different mechanisms, besides upregulating production of chemokines that will further attract immune cells.
Complement proteins can be synthesized by several human cells, including the exocrine pancreas (52) (present data) and islet a-and b-cells (present data). Importantly, we detected an augmented C3 expression in the pancreas and islet region in histological material from T1D patients. Besides its supportive role in defense against invading pathogens (5), the complement system participates in several nonimmune processes, such as lipogenesis (53) , food intake (54), and neurogenesis (55) .
Interestingly, complement components can be intracellularly activated (6, 7), and they play important roles in cell and tissue development, homeostasis, and survival (7). In liver, for instance, complement C3a and C5a are essential for cell survival during hepatocyte regeneration (56) . In this study, we observed that C3 promotes b-cell survival via both intracellular production and signaling and also via an autocrine-paracrine way, that is, via release by the b-cells themselves and/or by the neighbor cells, such as a-cells and exocrine cells, and consequent signaling via surface receptors, such as C3aR1.
C3 deficiency leads to b-cell death under basal conditions and upon cytokine exposure via activation of caspase-3 and consequent apoptosis. The JNK pathway is augmented in C3-deficient cells, and JNK1 inhibition completely prevents basal and cytokine-induced apoptosis, indicating that JNK1 contributes to the deleterious effects of C3 inhibition. In line with these observations, administration of C3a desArg , a product of C3 activation, modulates JNK expression in adipose tissue and skeletal muscle from C3 knockout mice fed on a high-fat diet (57) . AKT acts as a crucial prosurvival pathway in pancreatic b-cells exposed to different stressors via BAD phosphorylation and consequent inhibition of its proapoptotic activity (45, 58, 59) . We observed that AKT is inhibited in C3-silenced cells, leading to higher levels of unphosphorylated BAD and subsequent activation of apoptosis. Experiments using FK, an adenovirus encoding a constitutively active mutant form of AKT, and pharmacological AKT inhibition (wortmannin and diazoxide) confirmed that AKT signaling counteracts the induction of apoptosis in C3-deficient cells, particularly following exposure to proinflammatory cytokines. It is interesting that assembly of another member of the complement family, namely the terminal complement complex C5b-9 (composed of C5b, C6, C7, C8, and C9 proteins), protects oligodendrocytes from apoptosis via activation of PI3K/AKT signaling and consequent BAD inhibition (60) .
Several chemokines were identified as C3 partners in our protein-protein interaction analysis, and "chemokine signaling" was one of the canonical pathways identified in the Ingenuity Pathway Analysis. C3 silencing exacerbated CCL2, CCL5, and CXCL10 mRNA expression and CXCL10 release after cytokine exposure by islet cells. CXCL10 is upregulated in islets from NOD mice (61) and type 1 diabetic patients (62) and it may contribute to the exacerbation of insulitis and b-cell destruction via attraction of additional immunecompetent cells (63) .
Although our data suggest that both extracellular and intracellular complement C3 activation are important for b-cell survival, it remains to be clarified how C3 is activated in the islet milieu. The alternative pathway, one of the ways by which the complement system is activated, is permanently activated via the "tick-over mechanism" (i.e., spontaneous hydrolysis of C3) in healthy individuals (64) . It has been recently proposed that adipose tissue-produced adipsin (or factor D) can reach islets via the circulation and participate in C3 activation in the b-cell vicinity (21) . Moreover, factor B is expressed and secreted by ductal cells, which may contribute to this process (65) . Therefore, it is conceivable that components of the complement system secreted by pancreatic cells (e.g., C3 by a-and b-cells in the present study) culminate in C3 activation that protects b-cells against proinflammatory assaults. This protection may be sufficient to prevent b-cell death during mild activation of the innate immune response, but it will probably not be sufficient to prevent b-cell death in the context of a protracted autoimmune assault.
In conclusion, we provide evidence that complement C3 is a key regulator of a cytokine-modulated complement network in human islets, with anti-inflammatory and prosurvival roles in rodent and human pancreatic b-cells. Local production and secretion of C3 into the b-cell vicinity, as well as intracellular C3 activation, may play an important protective role in b-cells exposed to the autoimmune assault leading to T1D. Disclosure Summary: The authors have nothing to disclose.
